Abstract. This paper presents the development of a portable vane rheometer to estimate concrete plastic viscosity and yield stress. The apparatus can be used not only in laboratory but also on construction site. In this study, new blade geometry was proposed to minimize the effect of segregation of concrete during testing, and also to expand the wide range of concrete workability with a slump of approximately from 7 cm to fluid concrete, and concrete with high plastic viscosity such as concrete with mineral additions. The used blade (U shaped and reversed) allows reducing the vibration of the apparatus, and obtaining more stable measurements. The obtained results permit validating the rheometer test procedure and confirmed that the results are reliable, with a low coefficient of variation of 9% for repetitive test and of 5.8% for reproductive tests.
Introduction
With the development of new concretes such as selfcompacting concrete (SCC), high performance concrete (HPC), and environmental friendly concretes, the control of rheological parameters (yield stress, plastic viscosity) in order to optimize the implementation of these concretes becomes crucial (Wallevik 2006; Wallevik et al. 2015) . It is therefore necessary to develop new methods of characterization of the rheological parameters not only in the laboratory but also on construction site.
Empirical tests such as slump and L-Box allow the measurement of these materials but provide little or no information about their viscosity or their behavior under shearing. In this context, rheometers adapted to these fluids have been developed: ICAR (Koehler, Fowler 2004; Koehler et al. 2006) ; Two points test (Banfill 2011) ; IBB (Lacombe et al. 1999; Hu, Wang 2010) ; BML (Faleschini et al. 2014; Wallevik, O. H., Wallevik, J. E. 2011) ; BTRheom (Hu et al. 1996) ; MCR (Jau, Yang 2010) . These rheometers can differentiate the rheological behavior of different concretes (Banfill et al. 2001; Beaupre et al. 2004; Skripkiūnas, Daukšys 2004) .
Recently, two test campaigns were conducted to compare different rheometers (Banfill et al. 2001; Beaupre et al. 2004) . The first was performed on 12 low-workability and plastic concretes with rolled or crushed aggregate and fillers, and the second campaign on 16 concretes including a majority of self-compacting concretes mixes. The results of the first campaign are reported in Figure 1 . The results of the second campaign are similar to those of the first one.
These studies conclude that the parameters identified by each unit cannot be considered as intrinsic because values vary in significant proportions depending upon the equipment. However, these studies confirm the Bingham behavior of these fresh concretes (Wu, Liu 2015; Wallevik et al. 2015; Yahia, Tanimura 2015; Vance et al. 2015; Faleschini et al. 2014; Choi 2014; Kong et al. Fig. 1 . Values of rheological parameters (K and μ) identified on the 12 concretes studied by (Banfill et al. 2001 ) with different devices 2013; Banfill 2011; Ngo et al. 2011; Wallevik, O. H., Wallevik, J. E. 2011; Hu, Wang 2010; Gołaszewski 2009; Estellé et al. 2008; Beaupre et al. 2004; Golaszewski, Szwabowski 2003; De Larrard, Sedran 2002; Lacombe et al. 1999; Banfill 1994; Tattersall 1990 ) which can be described as follows:
where: τ (Pa) is the shear stress; τ 0 (Pa) is the yield stress; µ (Pa.s) is the plastic viscosity and γ  (1/s) is the shear rate.
Based on existing concrete rheometers, the objective of this work is to develop a portable rheometer adapted to fresh concrete, with a relevant test protocol providing accurate and inexpensive rheological measurements (this test is easy and it can be done without expensive equipment). New blade geometry was used to minimize the effect of segregation of concrete during testing, and also to expand a wide range of concrete workability. This device should be applicable on construction site and in the laboratory in order to meet the demand of the industry (to have a reliable device to accurately measure the high viscosity of concrete with mineral addition). It must be capable of measuring a flow curve or performing a stress growth test and should be appropriate for a wide range of concrete workability with a slump of approximately from 7 cm to fluid concrete, and concretes with important plastic viscosity such as concrete with mineral additions.
Developed rheometer

Final configuration of rheometer and test procedure
Principle of functioning of the rheometer
The principle is to rotate at different speeds a vane in the form of cross in a cylindrical sample of fresh concrete and measuring the torques exerted to maintain rotation.
A rheological test is performed by imposing a decreasing rotational speed to the vane interrupted by a stabilization stage to perform the measurements. Every second, the control software of the stirrer saves the torque (M) corresponding to the imposed rotation speed (Ω).
Description of the apparatus
The final version of the rheometer is composed of three main parts (Fig. 2 ): an agitator with speed electronic control for recording the torques via an RS232; a container and a steel vane.
The agitator: The agitator is the key element for the tests. It is attached to an arm, via a jaw, which is itself fixed on a tripod. The agitator is driven by a computer using software (watch & control) (Fig. 2) .
The container: The container is a cylinder of 30 cm diameter and 25 cm high. To optimize the adhesion of concrete and to prevent the sliding of concrete on the outer wall of the container, steel rods were welded (Fig. 2) .
The Vane: In the chuck of the agitator, a blade in form of a perpendicular double U is fixed. The blade has a height of 15 cm and a diameter of 10.5 cm (Fig. 2) .
Final test procedure
The measurements are performed with the velocity profile defined in Figure 3 (P48).
Step 1: Filling concrete into the container. It is done by three layers. Each layer receives 25 strokes of stitching using a rod.
Step 2: Positioning of the blade. The blade is centered and thrust into the concrete until the surface of concrete and leaving a layer of concrete of 10 cm thick below the blade.
Step 3: Measuring torques (M). They correspond to torques to be imposed to maintain speeds in phase bearing when the container is filled with concrete.
Step 4: Using the measurements and calculation of rheological parameters (see next section).
In the next section, the development's step of the apparatus which led to the choice of the presented final configuration of rheometer and the test procedure are detailed.
Exploitation of the results
The exploitation of the measurements is to determine the rheological parameters τ 0 and μ from the obtained mea- The calculation of the Bingham model parameters of yield stress and plastic viscosity is based on the ReinerRiwlin equation (Eqn (2)):
where: Ω -rotational speed (rad/sec); M -torque (N.m); h -vane height (m); R 1 -vane radius (m); µ -plastic viscosity (Pa.s); 0 τ -yield stress (Pa). The Eqn (2) can be solved with a non-linear optimization. The calculation begins with the supposition of the plastic viscosity and yield stress values. For each measured speed-torque point from the test data, the radius at which flow ceases is calculated based on Eqn (2) using the guessed values of τ 0 and µ. For each point, the "calculated rotational speed" is calculated by Eqn (2). The mean squared error (Eqn (3)) is calculated for all points as the difference between the "calculated rotational speed" and the "measured rotational speed":
where n is the number of points. The rheological parameters (τ 0 and µ) are determinate by minimization of the value of mse with two criteria: µ > 0 and τ 0 > 0.
Materials and experimental programme
Several aggregate sizes within the range of 6 mm to 20 mm were used, and the sand size ranged between 0 mm and 4 mm. The aggregates and sand specific gravity is 2.5. Ordinary Portland cement CEM I 52.5 was used for all the mixtures. The mineral additions used are limestone powder, finely blast furnace slag and fly ash. A polycarboxylic-based superplasticizer (SP) was used in all mixtures with a specific gravity of 1.05, a solid content of 30% and a pH of 7.
Two series of experimental tests were investigated (Table 1 ). The first programme (series 1) was used to develop the apparatus and to define the final configuration. The second one (series 2) was used to validate the apparatus (repeatability and reproducibility tests).
Development steps of the rheometer
Choice of velocity profile
In this step, a cylindrical container of 30 cm of diameter and 32.5 cm of height was used with a full blade in dimension d × h = 10.5×12.5 cm.
To choose a velocity profile in order to have the most stables measurements, many velocity profiles were tested with three reference concretes (B1, B2 and B3) with compositions as given in Table 1 (series 1) .
Based on previous studies (Hu et al. 1996; Banfill et al. 2001; Estellé, Lanos 2012; Koehler, Fowler 2004) , three rotation rate profiles were tested with three different maximum speeds: the P96 profile with a maximum speed of 96 rpm, the P72 profile with a maximum speed of 72 rpm and the P48 profile with a maximum speed of 48 rpm.
At the beginning of the test, the maximum speed is applied pre-shear phase to eliminate the influence of thixotropy (Hafid et al. 2015; Hu et al. 1996) . The tested profiles are presented in Figure 3 .
The obtained measurements corresponding to the tested profiles are presented in Figures 4 to 6 . The results show that:
-For the three tested concretes, whatever the velocity profile, the necessary time of pre-shearing increases with increasing of the imposed maximum speed and it is in the order of 2 minutes for a speed of 48 rpm; -The obtained torques for each speed level are stable with the three profiles; -Segregation was observed at the end of the tests with profiles P96 and P72. It is less important with the profile P48; -According to the above observations, the profile P48 was retained with a shortening of pre-shearing time at 2 minutes to reduce total time test and decrease the risk of segregation at the end of the test;
-For profile P48, the behavior of the three tested concretes can only be better distinguished with the two others profiles.
Choice of the container's diameter
The gap between the blade and the wall of the container may have an influence on the measurements. If it is narrow, it can cause blockages and if it is too large it increases the risk of segregation. Nguyen and Boger (1985) recommend a ratio between the diameter of the vessel and that of the upper blade 2 and Ferraris (1999) -a gap of the order of five times the maximum diameter of the aggregates (D max ).
Given these recommendations three cylindrical containers of diameters D 1 = 25 cm, D 2 = D 3 = 30 cm and 40 cm and height were tested. A full blade with dimension d × h = 10.5 cm × 12.5 cm was used. The velocity profile retained in the previous step was been used. Three concretes were tested with each container and their compositions are given in the Table 1 (series 1). A fluid concrete (B4), a viscous concrete (B5) and a low-workability concrete (B6). 
Influence of the geometry of the blade
The calculation of the shear stress is made by considering only the lateral friction, i.e. where the shear rate is constant for a given rotational speed. However, the full blade generates considerable friction at its upper and lower faces. Moreover, segregation was observed at the end of many tests with the full blade. It therefore appears clear that the geometry of the blade has a strong influence on the results.
To reduce disturbance measures, for example, used the MK-III rheometer Tattersal with a recessed blade (they have an opening on each blade of the blade) .
Thus, to improve the accuracy of measurements and reduce segregation, a study of the geometry of the blade was conducted.
In this study, three blades of the same dimensions (d × h = 10.5 cm × 12.5 cm), but with different geometries, were tested: a full blade, a hollow blade and a blade in double U shaped and reversed (Fig. 10) .
In order to check the concrete condition at the end of the test, a level speed of 48 rpm was added in the imposed velocity profile (P48) after a minute rest after the end of the test. A comparison between the measured average torque at the end of pre-shear (when torques are stabilized) and those measured with the added level (48 rpm) was made.
The results presented in Figures 11 to 13 , show that: -The blade in double U allows having smaller torques according to each level speed in comparison with the other two blades for the three concrete. Lateral friction being identical on the three blades, the blade of a double U shape therefore reduces the friction on the upper and lower faces. This allows extending the range of concrete to be tested taking into account the maximum power of the agitator. -Much less vibration was observed during the test with the blade in double U, which allows having more stable measurements. This is because with this shape of blade (similar to the blade of rotary mixer) the aggregates move more freely under shear effect.
The comparison between the average torques at the end of the pre-shear level and the average torques according to the added level speed of 48 rpm after the end of the test is summarized in Table 2 . The results confirm that, whatever the tested concrete (B1, B2 and B3), the percentage difference Δ (%) corresponding to the double Fig. 9 . Results of the container with a diameter of 40 cm Fig. 10 . The three tested blade Fig. 11 . B1 concrete's measurements with the three blades U-blade is smaller than that with other blades. It concludes that there is less segregation with the blade in double U. Based on these observations, the blade in double U was selected for the final configuration of the rheometer.
Validation of the rheometer
After choosing the final version and defined the procedure of rheometer, tests of repeatability and reproducibility were performed to validate the apparatus. Repeatability tests were used to check if the results obtained from the apparatus are similar for the same concrete Reproducibility tests were used to check if two identical rheometers give similar results for the same concrete.
Verification of repeatability of the rheometer
In order to check the repeatability of the test, three tests were done with similar concretes BO1 and BO2 (series 2 in Table 1 ).
The results presented in Figures 14 and 15 show clearly that the friction torque varies linearly with the speed.
The linear variation of torque-rotational speed curves and the small standard deviation (9% for plastic 
Verification of the reproducibility of the rheometer
Two identical rheometers were assembled to test simultaneously different concretes. Each concrete (BES, BEL and BEV) whose compositions are given in the Table 1 (series 2) was tested at the same time on the two apparatus by two different operators. The same procedure was strictly applied for both apparatus.
The obtained results (Fig. 16) show that the curves obtained by the two rheometers are all linear and are very close to each other. In addition, the rheological parameters (μ, τ 0 ) corresponding to each rheometer are obtained with a low coefficient of variation (5.8% for viscosity and 3.1% for yield stress - Table 4 ). Hence, this confirms the reproducibility and also repeatability of the tests. 
Conclusions
A rheometer was developed to meet the industrial needs for a reliable device that measures the rheological parameters of fluid concrete with good accuracy and high stability.
The developed rheometer has the same operating principle of the ICAR device and Estellé's et al. (2008) rheometer, the difference being the geometry of blade and the speed profile. This apparatus is designed for mobile use on site and in laboratories at a low cost.
The used blade (U shaped and reversed) reduces the vibration of the apparatus, and obtain more stable measurements, to minimize the segregation of the concretes during the test and to expand the wide range of concrete workability from a slump of approximately 7 cm and concretes with important plastic viscosity such as concretes with mineral addition to fluid concrete. Rheometer measurements are repetitive with a low coefficient of variation (9%) When the same parameters are measured by two identical concrete rheometers, piloted by two different operators, the tests are reproductive with a low coefficient of variation (5.8%).
Measurements obtained from the rheometer tests allow distinguishing clearly the rheological parameters of different concretes.
